Adrenocortical glucocorticoid and androgen secretion is stimulated by exercise. Excesses of these hormones in fetuses can cause abnormalities in development.
We measured maternal and fetal plasma corticosterone and androstenedione concentrations in Sprague-Dawley rats immediately after maternal exercise in exercise-trained mothers and at rest in sedentary mothers. To do this, we developed a technique for fetal blood sampling and assessed its effect on maternal and fetal plasma corticosterone concentrations. Under halothane anesthesia, maternal blood was collected by cardiac puncture and fetal blood was collected from carotid and jugular vessels. Corticosterone was not affected by the blood collection procedure. Corticosterone was significantly higher in exercised mothers and their fetuses after 30 min of running than in sedentary mothers and their fetuses at rest. Androstenedione was significantly higher in exercised mothers after 30 min of running than in sedentary mothers at rest, but fetal androstenedione was not different between groups. We conclude that this maternal exercise protocol elevates plasma corticosterone but not androstenedione concentrations in fetal rats.
blood sampling; cardiac puncture; fetal blood; halothane; prenatal stress MATERNAL STRESS DURING pregnancy can result in a variety of abnormalities in offspring, including alterations in the structure and function of the reproductive system, sexual behavior, and behavioral and hormonal responses to stress (11, 1221) . It is believed that these abnormalities result from stress-induced secretion by the hypothalamic-pituitary-adrenocortical (HPA) axis of the mother and/or fetuses and that hormones such as adrenocorticotropic hormone (ACTH), glucocorticoids, or adrenal androgens affect development of the brain and other tissues in the fetus. Administration ofACTH to pregnant animals causes abnormalities in offspring similar to those induced by maternal stress (21, 29) . The maternal stress-induced abnormalities are at least partially prevented by maternal adrenalectomy or naltrexone administration (24, 27) .
When pregnant animals are exposed to stressors such as immobilization or ether inhalation, there are increases in plasma concentrations of ACTH and some adrenocortical products, including glucocorticoids and androstenedione, in both mothers and fetuses (6, 15, 18, 29) . Apparently there is only one report of a fetal endocrine response to maternal exercise stress. Bell et al. (1) found increased plasma corticosteroids in fetuses of pregnant ewes after treadmill walking. Fetal corticosteroids rose gradually to a maximum after 60 min of exercise and remained elevated throughout 60 min of recovery.
The main purpose of the present study was to investigate whether maternal exercise resulted in increasedconcentrations of hormones of the HPA axis in rat fetuses. If these hormones are elevated in fetuses during maternal exercise, then exercise during pregnancy may have the potential to cause abnormalities in offspring similar to those reported for other forms of maternal stress during pregnancy. We studied corticosterone and androstenedione, two steroids secreted by the adrenal cortex in response to stressors. Corticosterone is known to rise in concentration after exercise in rats (4). We chose to study androstenedione because we found previously that plasma androstenedione concentration increases with exercise in female rats, whereas testosterone, another adrenocortical androgen, does not (3).
A second purpose of the present study was to develop a blood collection protocol for fetal rats and to examine its effect on the HPA axis in mothers and fetuses. We developed a simple method for collecting blood from fetal carotid and jugular vessels, with the umbilical circulation intact. Corticosterone level in fetal and maternal blood was used as an index of HPA axis activation. We then used this method for studying the effects of maternal exercise on plasma corticosterone and androstenedione concentrations in fetal rats and their mothers.
METHODS
General methods. Sprague-Dawley rats were caged individually in an animal room with a 12:12-h photoperiod and a temperature of 22 ? 1°C. They were given food and water ad libitum.
The protocols were approved by the Institutional Animal Care and Use Committee of Eastern Washington University.
Before rats were mated, vaginal smears were monitored daily on adult females. When ovulation was expected, females were mated by placing them in an individual male's cage overnight.
Blood sampling technique. The blood sampling procedure was done on eight pregnant rats to determine whether the procedure by itself affected plasma corticosterone concentration in mothers or fetuses. Each pregnant rat was carried in her cage from the animal room to an adjacent room and immediately placed into an anesthetic chamber containing halothane (Halocarbon Laboratories; Hackensack, NJ) (4). A timer was started when the mother was placed into the anesthesia chamber, and times were recorded throughout the procedure. Anesthesia was attained after 42 t 5 (SE) s. After the rat was removed from the anesthetic chamber, anesthesia MATERNAL AND FETAL CORTICOSTERONE AND ANDROSTENEDIONE
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was maintained by placing a plastic cone containing halothane-soaked cotton on the rat's nose. The cone was moved alternately away from the animal's nose and back on the nose to maintain a relatively constant depth of anesthesia. A l-ml blood sample was taken from the mother rat by cardiac puncture immediately after she attained anesthesia and was removed from the anesthesia chamber. Then the rat was attached to a surgery board under a warm lamp. A l-cm longitudinal incision was made in the posterior midventral abdominal wall. Sections of the uterus were pulled from the abdominal cavity one fetus at a time. The uterine wall and fetal membranes were cut with small scissors to expose the fetus. The fetus was blotted with a tissue to remove amniotic fluid and then placed head down on the mother's abdomen, with the placenta and its circulation intact. Small scissors were used to make an incision into the fetus's jugular and carotid vessels. A heparinized capillary tube was placed at the incision and tilted downward so that blood was drawn by capillary action and gravity. Three capillary tubes were filled for most fetuses. After all fetuses were sampled, another maternal blood sample was taken by cardiac puncture; this was 20-39 min after the initial maternal blood sample. Mothers and fetuses were killed by halothane overdose immediately after blood sampling. After being killed, fetuses were dissected to determine gender. Males were identified by testes in the pelvic cavity.
Because basal levels and stress responses of corticosterone vary with gestational day in rat fetuses (7), the blood sampling was done on the 21st day of gestation.
The procedure was scheduled during the last 2 h of the light period, when corticosterone levels are near their circadian peak (17). Blood samples were chilled and centrifuged.
Hematocrit was recorded for each capillary tube. Tubes with hematocrit ~35 were discarded to avoid contamination with amniotic fluid. Our unpublished data suggested that in tubes with a hematocrit of 35 and higher, corticosterone concentration was not related to hematocrit, but tubes with hematocrit ~35 had low corticosterone concentrations. We found that careful blotting of fetuses reduced the number of tubes with hematocrit ~35. Plasma was stored at -80°C until assayed for corticosterone concentration. Each capillary tube was assayed separately.
A one-tailed, paired Wilcoxon signed-rank test was used to test for the difference between corticosterone level in mothers before the fetal blood sampling procedure and after the procedure. Paired t-tests were used to test for the two pairs of differences between the mean levels in the respective fetuses and in the levels in mothers before fetal blood sampling and after fetal blood sampling. Analysis of variance with fetuses nested within mothers was used to test for differences in corticosterone levels between female and male fetuses. To test for changes in corticosterone level among successive capillary tubes within fetuses, repeated measured analysis of variance was used and fetuses were nested within mothers. To determine whether fetal corticosterone rose or declined from the first fetus sampled to the last fetus sampled from each mother, corticosterone concentrations in the first capillary tubes from fetuses were regressed on the fetus numbers for each mother. were not significant, and ordinary leastsquares regression was used.
Effect of maternal exercise on corticosterone.
To determine whether maternal exercise affected maternal and fetal plasma levels of corticosterone, blood samples were taken from five exercise-trained rats and their fetuses immediately after exercise and from five sedentary rats and their fetuses at rest. The trained rats were exercised in motor-driven running wheels for 3 days weekly, 30 mm/day, at a speed of 13.4 rn/min for at least 3 wk before mating. Exercise training continued throughout pregnancy. The exercise-trained rats were exercised for 30 min at 13.4 m/min immediately before blood sampling. This running speed was previously shown to cause increased plasma concentrations of both corticosterone and androstenedione in nonpregnant female rats (3, 4). The relative workload probably increased in pregnant rats as they gained weight.
The blood sampling procedure was the same as that described previously.
All capillary tubes were combined for each fetus, so there was one plasma sample for each fetus for corticosterone analysis. Two-tailed, two-sample t-tests were used to compare number of fetuses per mother and mean fetal weights between the sedentary and exercise groups. For comparison of corticosterone levels, each exercised mother was paired with a sedentary mother whose plasma samples were measured in the same assay. A mean fetal corticosterone concentration was calculated for all fetuses of each mother, and litters were paired in the same way as the mothers. The exercised and sedentary groups were compared with one-tailed sign tests. Effect of maternal exercise on androstenedione.
To determine whether maternal exercise affected maternal and fetal plasma levels of androstenedione, blood samples were taken from exercise-trained rats and their fetuses immediately after exercise and from sedentary rats and their fetuses at rest. The trained rats w.ere exercised in motor-driven running wheels for 3 days weekly, 30 mm/day, at a speed of 13.4 m/min for at least 3 wk before mating. Exercise training continued throughout pregnancy. Exercise-trained rats were exercised for 30 min at 13.4 m/min immediately before blood sampling. The blood sampling procedure was the same as that described previously. Eighteen exercised mothers and 18 sedentary mothers were used. Plasma samples for mothers, female fetuses, and male fetuses were analyzed separately for androstenedione because it was not known whether androstenedione concentration would differ between female and male fetuses. The androstenedione assay required 1 ml of plasma per tube, so for each assay tube plasma was pooled from three mothers, all female fetuses of three mothers, or all male fetuses of three mothers.
Therefore, there were six values for androstenedione concentration for each group. To determine if there was an interaction between the effects due to gender and exercise group on androstenedione levels, a two-sample, t-test was done to compare the sedentary and exercise group means of differences between male and female fetuses. Because there was no interaction (P = 0.98), the sedentary and exercise groups were combined, and a one-tailed, paired t-test was used to test for differences in levels of androstenedione between male and female fetuses. The level for male fetuses was significantly higher than that for female fetuses (P = 0.036). Therefore, separate analyses for males and females were indicated when testing for differences between maternal and fetal levels. To test for an interaction between treatment group differences and fetalmaternal differences in androstenedione levels, two separate two-sample t-tests were used; fetal-maternal differences in levels of androstenedione between the exercise group and the sedentary group were compared for both female and male fetuses. There was a significant interaction effect at the ~1 = 0.1 level (P = 0.06) in both instances. Therefore, four separate paired t-tests were used to test for maternal-fetal differences. Nuclear; Boston, MA) was used as the radioactive tracer, and corticosterone (C-2505, Sigma Chemical; St. Louis, MO) was used as the corticosterone standard. The sensitivity of the corticosterone assay was 2 pg/ml. The intra-assay coefficient of variation was 3.67 t 0.75% at 50 pg/ml. The interassay coefficient of variation was 6.98 '-' 1.01% at 50 pg/ml.
Plasma androstenedione concentrations were measured with a radioimmunoassay kit purchased from Diagnostic Products (Los Angeles, CA). Steroids were extracted from 1 ml plasma with ether. The radioimmunoassay used lz51-androstenedione and antibody-coated tubes. The detection limit was 20 pg/ml. The intra-assay coefficient of variation was 8.3 5 0.19% at 2.3 rig/ml. The interassay coefficient of variation was 9.2 5 0.34% at 3.7 rig/ml.
RESULTS
Blood sampling technique. For the eight mothers used in this experiment, the number of fetuses per mother ranged from 8 to 15, with a mean of 13. Mean fetal weight for each mother ranged from 3.9 to 4.7 g, with an overall mean of 4.3 g. The complete blood sampling procedure took an average of 31 min, with a range of 20-39 min. The mean time to bleed a single fetus was 0.9 min, with a range of 0.3-3.0 min.
Three capillary tubes, each containing 60 ul of blood, were filled for 86% of the fetuses. An average of 2.8 capillary tubes were filled per fetus. Hematocrit was 35 or higher for 94% of the capillary tubes. Mean capillary tube hematocrit for each mother (for tubes 35 and higher) was 42, with a range of 38-45. Therefore, for the majority of fetuses, 180 ul of blood were obtained, yielding -100 ul of plasma after centrifugation.
Maternal plasma corticosterone concentration at the beginning of the blood sampling procedure was 23.9 or 2.5 (SE) ug/dl (Fig. 1) . At the end of the procedure it was 35.8 t 6.8 ug/dl. Corticosterone concentration was higher at the end of the procedure in six of the eight mother rats (P = 0.027). Variability was quite high in corticosterone levels at the end of the procedure.
Fetal plasma corticosterone concentrations are shown in Fig. 1 . The overall mean corticosterone concentration for the first capillary tubes taken from all fetuses was 20.8 t 1.9 ug/dl. This was not different from mean maternal levels at the beginning (P = 0.39) or the end (P = 0.054) of the blood sampling procedure. There was no difference between female and male fetuses (P = 0.77).
Overall, there was little difference between the corticosterone level in the first capillary tube taken from each fetus and the third tube from each fetus. P value was 0.04 for one mother and ranged from 0.27 to 0.93 for the other seven mothers.
There was no consistent change in fetal corticosterone level from the first fetus sampled to the last fetus sampled for each mother. For two mothers, there was a significant linear increase (P = 0.001 and 0.03) in the corticosterone level from the first fetus to the last fetus. However, these increases were of different magnitudes, with estimated slopes of 2.22 and 0.30. Although not significant at the 0.05 level, for another mother there was a decrease in the corticosterone level from the first fetus to the last fetus; the slope was -0.61 with P = 0.08. For the remaining five mothers, the slopes of the regressions were not significant at the 0.10 level.
Effect of maternal exercise on corticosterone. For the 10 mothers used in this experiment, the number of fetuses per mother ranged from 7 to 16, with a mean of 13. Mean fetal weight was 4.6 t 0.1 g. There were no differences between exercised mothers and sedentary mothers in the number of fetuses or fetal weight.
For each of the five pairs of mothers, corticosterone concentration was higher in the exercised rat than in the sedentary rat (P = 0.03, Fig. 2 ). Corticosterone concentration was more than three times higher in the exercised rats in all five pairs. Similarly, mean fetal plasma corticosterone concentration was higher for the exercised mother than for the sedentary mother in all five pairs (P = 0.03).
Effect of maternal exercise on androstenedione. For the 36 mothers used in this experiment, there were 14 t 0.4 fetuses per mother, with a fetal weight of 4.4 t 0.05 g. There were no differences between sedentary and exercised groups in number or weights of fetuses.
Androstenedione concentration was significantly higher in mothers after exercise than at rest (P = 0.0005, Fig. 3 ). Maternal exercise did not have a significant effect on fetal androstenedione concentration (P = 0.28). Androstenedione concentration was higher in male fetuses than in female fetuses (P = 0.04).
To compare androstenedione concentrations in fetuses with those in their mothers, each group of fetuses was analyzed separately because there were interactions between treatment group and fetal-maternal difference. For the sedentary mothers, androstenedione concentrations were higher in female fetuses than in their mothers (P = 0.01) and higher in male fetuses than in their mothers (P = 0.001). For the exercised mothers, there were no differences between maternal levels and those in their female fetuses (P = 0.23) or their male fetuses (P = 0.10).
DISCUSSION
One purpose of this study was to develop a protocol for collecting blood from fetal rats and to examine its effect on the HPA axis in mothers and fetuses. We describe here a method that is simple, yields -100 ul of plasma from most fetuses, and has minimal effects on maternal and fetal corticosterone concentration.
Blood can be obtained from fetal rats in a variety of ways, including decapitation (6, 7), cardiac puncture (22), and sampling from carotid and jugular vessels (23), axillary vessels (7), and umbilical vein (13, 29). (13, 23 ). An advantage of the method described in the present study is that it is simple and does not require any special apparatus.
This study is the first to evaluate the effects of a blood sampling procedure on hormones of the HPA axis in pregnant laboratory animals and their fetuses. Maternal corticosterone level at the end of the blood sampling procedure was higher than at the beginning of the procedure in six of the eight rats. Variability in maternal corticosterone at the end of the procedure was quite high. This suggests that it is better to collect maternal blood samples before fetal blood samples. Maternal corticosterone can be evaluated much more reliably before the fetal blood sampling procedure than after the procedure.
Overall, fetal corticosterone concentration did not appear to be affected by the blood sampling procedure. For seven of the eight mothers, corticosterone in the third capillary tube from each fetus was not significantly different from corticosterone in the first tube from each fetus. There was no consistent pattern of change from the first tube to the third tube. This suggests that plasma from all three tubes per fetus can be combined when measuring hormones of the HPA axis that require a larger volume of plasma for assay.
There was no consistent change in corticosterone concentration from the first fetus sampled to the last fetus sampled from each mother. This suggests that plasma from all fetuses can be combined for measurement of hormones of the HPA axis that require a large volume of plasma for assay.
Corticosterone in fetal blood, as well as in maternal blood, can be of either maternal or fetal origin. There is evidence that corticosterone can cross the placenta from mother to fetus (30) and from fetus to mother (8). The fetal HPA axis has been shown to be responsive to maternal stressors such as immobilization or ether in late gestation (6, 18). If our fetal blood sampling procedure stimulated the fetal HPA axis, it was not evident within the 0.9-min mean sampling time per fetus.
The corticosterone concentrations we measured were near the high end of the normal range for rats because blood sampling was done near the circadian peak for corticosterone. Glucocorticoids are well known to be higher in pregnant mothers than in nonpregnant females (25). Mean maternal plasma corticosterone concentration was 23.9 ug/dl at the beginning of the fetal blood sampling procedure, compared with a mean of 13.8 ug/dl we reported previously in nonpregnant adult female Sprague-Dawley rats sampled in the same manner, with the same anesthetic, at the same time of day (4). The corticosterone concentrations we measured were in the same range as those reported by others in pregnant rats and their fetuses (6,lS).
The main purpose of this study was to investigate the effect of maternal exercise on corticosterone and androstenedione concentrations in fetuses and their mothers, using the blood sampling protocol that we developed. This study is the first to report the effects of exercise on plasma concentrations of glucocorticoids and androstenedione in pregnant individuals, except for the study of corticosteroids in pregnant ewes and their fetuses by Bell et al. (1) . The exercise intensity used in this study was one that we considered to be moderate and that we previously showed to cause significant elevations in plasma corticosterone and androstenedione concentrations in nonpregnant female rats (3,4).
In mother rats, exercise resulted in significantly higher levels of both corticosterone and androstenedione. This demonstrates that even though basal levels of these steroids are elevated in pregnancy, exercise can cause a further elevation. Androstenedione concentration is high in pregnant females due mainly to placental secretion (28 concentration in pregnant rats in the present study (1.38 2 0.15 n / 1) g m was much higher than the concentration we measured in nonpregnant female SpragueDawley rats (0.25 ? 0.03 rig/ml) sampled in the same manner, with the same anesthetic, at the same time of day (3). Despite the large difference between pregnant and nonpregnant rats in resting androstenedione levels, the percentage increase with exercise was similar, that is, slightly less than a doubling in both the present study and our previous study.
In fetuses, we found that corticosterone levels were significantly higher in fetuses of exercised mothers than in fetuses of sedentary mothers. The exerciseinduced increase in fetal corticosterone could be of either maternal or fetal origin; our data do not allow insight into this origin.
The placenta may play a role in the elevated corticosterone secretion during exercise. Both corticotropinreleasing hormone and ACTH are secreted by the placenta. These, or other placental hormones, may stimulate secretion by the pituitary gland and adrenal cortex in both the mother and fetus (25). This is a likely explanation for the higher glucocorticoid levels observed consistently in pregnant females compared with nonpregnant females. Apparently no one has investigated whether placental hormone secretion is stress responsive.
If fetal glucocorticoid concentrations are elevated during maternal exercise, fetal development potentially may be affected. A few studies have looked specifically at effects of increased prenatal glucocorticoid levels on offspring. Daily cortisone injections in pregnant rats during the last week of gestation resulted in premature vaginal opening in female offspring, with no effects on estrous cycles, breeding capacity, or number and survival of pups in female offspring (14). In mice, corticosterone injection on days 12-17 of pregnancy produced little effect on estrous cycles in female offspring, except that the number of diestrus smears was increased slightly (10). ACTH injections in pregnant rats during the last week of gestation resulted in male offspring that were less sexually active, less likely to ejaculate, and more likely to display lordosis in response to mounting after castration and treatment with estrogen and progesterone (21). In another study, male rat offspring did not demonstrate altered sexual behavior after maternal ACTH injection (5). Female offspring of ACTH-treated pregnant rats showed increased sexual receptivity (9). Thus it is possible that exercise-induced secretion of glucocorticoids, as well as ACTH, in pregnant animals and/or their fetuses may affect offspring after birth, but this potential remains to be explored. When either ACTH or glucocorticoids are administered to pregnant animals, maternal and fetal plasma concentrations of these hormones may be much higher than those induced by maternal exercise. Neither maternal nor fetal plasma levels of ACTH or glucocorticoids have been measured after maternal hormone administration in other studies, so it is not possible to make a direct comparison with the corticosterone levels measured in the present study.
The monkey transcortin used in our corticosterone assay is reasonably specific for corticosterone, but it binds progesterone 43% as strongly as corticosterone (16). Progesterone concentration is high during pregnancy, mainly because of placental secretion. It is not known whether increased progesterone secretion may have contributed to the elevated corticosterone measurement that we saw after exercise. Some investigators have reported increased adrenocortical secretion or plasma concentration of progesterone in rats after administration ofACTH or stress, whereas other investigators have reported reduced plasma progesterone concentration after administration of ACTH or stress; the latter finding has been more common in pregnant rats. An effect of exercise on progesterone concentration has not been investigated in rats.
We studied androstenedione because concentrations of this steroid rise with exposure to stress (29) and exercise (3) in rats, whereas testosterone concentrations do not, and because elevated fetal levels of androstenedione may cause abnormalities in development. Popolow and Ward (20) reported that intramuscular injection of androstenedione in pregnant rats on days 14 through 21 of gestation resulted in several alterations in female offspring, including lengthened anogenital distance, absent or nonpatent vaginal orifices, and fewer mammillary buds. Female offspring of mothers receiving the higher of two doses of androstenedione also had fewer and briefer lordosis responses to male rats. Neither maternal nor fetal androstenedione concentrations were measured, so it is not possible to make comparisons with levels measured in the present study, but it is likely that androstenedione levels were higher after maternal injections than after maternal exercise.
Androstenedione is secreted by the adrenal cortex, gonads, and placenta. Stress or exercise-induced androstenedione secretion could result from stimulation of the adrenal cortex by ACTH or another unidentified factor (19) or possibly from enhanced placental secretion.
This study is the first to measure plasma androstenedione concentration in rat fetuses. We found no significant effect of maternal exercise on androstenedione concentration in fetuses, even though maternal levels were significantly elevated by exercise. This suggests a stress-responsive source that is predominantly maternal. There may be little passage of androstenedione across the placenta between mother and fetuses (26).
Fetuses of sedentary mothers had higher levels of androstenedione than did their mothers. This suggests that fetuses must have their own source of androstenedione.
Male fetuses had higher androstenedione levels than female fetuses. This may indicate that fetal testes secrete more androstenedione than fetal ovaries or that metabolic clearance of androstenedione is more rapid in female fetuses. Alternatively, the gender difference may have resulted simply from the 0.2% cross-reactiv-
